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AN INVESTIGATION OF A NEW NICKEL ALLOY STRETJGTHENED 

BY DISPERSED THORIA 

By Charles R. Manning, Jr., Dick M. Royster, 
and David N .  Braski 

SUMMARY 

An experimental inves t iga t ion  w a s  made t o  evaluate  sheet  mater ia l  composed 
of a new n icke l  a l l o y  strengthened by dispersed t h o r i a  f o r  aerospace appl ica t ions  
i n  the  temperature range from 1,8000 F t o  2,400° F. Mechanical-property t e s t s  
were made a t  room and a t  e levated temperatures from 1,700° F t o  2,570° F. The 
e f f e c t  of preoxidatio:2 a t  various temperatures on the  room-temperature t e n s i l e  
proper t ies  i s  a l s o  shlmn. One d i f fus ion  coat ing w a s  evaluated t o  determine i t s  
e f fec t iveness  i n  r edwing  oxidation. Fabricat ion s tud ie s  included machining, 
diffusion-bond joining,  and severa l  d i f f e r e n t  welding processes.  A descr ip t ion  
of t h e  equipment and procedures u t i l i z e d  i n  performing the  evaluation t e s t s  i s  
a l s o  included. The mzta l lurg ica l  study included X-ray ana lys i s  and a microstruc- 
t u r a l  examination of uncoated and coated sheet mater ia l .  

INTRODUCTION 

There e x i s t s  i n  the aerospace indus t ry  a g rea t  need f o r  s t r u c t u r a l  sheet  
a l loys  which have a combination of s t rength  and oxidation r e s i s t ance  a t  tempera- 
t u r e s  above 1,800~ F. These a l loys  should a l s o  exh ib i t  p roper t ies  of creep 
r e s i s t ance  and r e l a t i v e  ease of f ab r i ca t ion .  To date  t h e  only materials which 
have exhibi ted the required proper t ies  above 1,8000 F a r e  coated r e f r ac to ry  
a l loys ,  but  f a i l u r e  of t he  coat ing may cause ca t a s t rop ic  oxidation a t  the  high 
temperatures involved. 

One c l a s s  of mater ia ls  which shows promise f o r  providing the  required prop- 
e r t i e s  i n  t h e  temperature range from 1,8000 F t o  2,400° F i s  t h a t  i n  which a sec- 
ond phase of grea t  s t a b i l i t y  i s  uniformly dispersed chemically o r  mechanically i n  
a n i cke l  matrix.  It i s  pos tu la ted  t h a t  a s t a b l e  second phase of very t i n y  p a r t i -  
c l e s  w i l l  block grain boundary and d is loca t ion  movements i n  the  matrix mater ia l ,  
thereby providing r e l a t i v e l y  high s t rength  a t  temperatures which approach the  
melting temperature of t he  matrix. 
strengthened with submicron s i z e  t h o r i a  p a r t i c l e s  has been developed f o r  s t ruc -  
t u r a l  appl ica t ions  t o  2,400° F. 
exhib i t  good load-carrying capab i l i t y  and superior  oxidation r e s i s t ance .  

A new n icke l  a l l o y  t h a t  i s  dispers ion 

This mater ia l  i s  reported i n  reference 1 t o  



(a) Tensile specimen. 
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(b) Weld specimen. 

Figure 1.- Room- and 
elevated-temperature ten- 
sile specimen and weld 
specimen. All dimensions 
are in inches. 

A n  inves t iga t ion  w a s  undertaken a t  t he  National 
Aeronautics and Space Administration Langley Research 
Center t o  determine the  c a p a b i l i t i e s  and l imi t a t ions  of 
t h i s  new dispersion-strengthened n i cke l  sheet mater ia l .  
The study included t h e  determination of t e n s i l e  p rope r t i e s  
a t  room temperature and from 1,7000 F t o  2,370° F, an 
inves t iga t ion  of t he  oxidation p rope r t i e s ,  as wel l  as 
X-ray diffract i -on and microstructure  examinations. One 
d i f fus ion  coat ing was s tudied  t o  determine whether t h e  
oxidat ion of t he  n icke l  a l l o y  could be f u r t h e r  reduced. 
A study of t h e  f ab r i ca t ion  c h a r a c t e r i s t i c s  included 
tungsten-inert-gas,  electron-beam, and r e s i s t ance  welding 
of sheet  material. The sheet  mater ia l  w a s  a l s o  dimpled 
and diffusicn PonderL t o  form lightweight sandwiches. The 
resul ts  of t h i s  inves t iga t ion  a r e  included herein.  

MATERIALS AND SPECIMENS 

The material  used i n  t h i s  i nves t iga t ion  included 
O.OO25-, O.OObQ-, 0.010-, a.O25-, and 0.050-inch-thick 
shee ts  and a s m a l l  amount of l /2- inch and 1-inch-diameter 
bar  stock. The nominal composition of t h e  ma te r i a l  i s  
98-percent n i cke l  and 2-percent t h o r i a  by weight. 
material w a s  furnished by t h e  E. I. du Pont de Nemours & 
Company and i s  known commercially as TD-Nickel. The mate- 
r i a l  w i l l  h e re ina f t e r  be c a l l e d  t h o r i a t e d  n i cke l .  The 
material  w a s  produced by chemically deposi t ing a n i cke l  
compound around the  s t a b l e  thorium oxide ( t h o r i a )  p a r t i -  
c l e s ,  reducing t h e  n i cke l  compound t o  n icke l ,  compacting 
i n t o  a b i l l e t ,  and then s i n t e r i n g  the  b i l l e t  i n  a reducing 
atmosphere. The f i n a l  s teps  include extruding and r o l l i n g  
t h e  material t o  t h e  des i red  thickness .  The material and 
t h e  process used i n  i t s  manufacturing are described i n  
reference 2. 

This 

The dimensions of t e n s i l e  specimens used i n  t h i s  
i nves t iga t ion  are shown i n  f igu re  1. Tile same specimen 
configurat ion w a s  found s a t i s f a c t o r y  f o r  both room- and 
elevated-temperature t e n s i l e  t e s t i n g .  The butt-welded 
t e n s i l e  specimen i s  shown i n  f igu re  l ( b ) .  
mens were 2 inches long, 1/2 inch wide, and e i t h e r  0.025 
o r  0.050 inch th i ck .  

The bend speci-  

Three configurat ions were used f o r  oxidat ion speci-  
mens i n  the  inves t iga t ion .  The f irst  two configurat ions,  
cut  from 0.025- and 0.050-inch-thick sheet  were (1) t h e  
0.75-inch square specimen, and ( 2 )  t h e  t e n s i l e  specimen 
( f i g .  1). The t h i r d  configurat ion w a s  1/8-inch-thick 
d isks  machined from both 1/2- and 1-inch-diameter bar  
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stock. Some of t h e  f i r s t  and second types of oxidation specimens were coated 
with a commercially ava i lab le  ca lor ized  coating ( r e f .  3) t o  study the compati- 
b i l i t y  of the  mater ia l  and t h e  coating. The ca lor ized  coat ing i s  an aluminum 
di f fus ion  coat ing normally appl ied t o  s t e e l .  
1,700° F by pack cementation methods and i s  then d i f fused  i n t o  the  base mater ia l .  

It i s  appl ied i n  a r e t o r t  a t  about 

TEST PROCEDURE 

Mechanical Proper t ies  

Tensi le  t e s t s . -  Tensile tests were made i n  a 10,000-pound screw-powered 
t e s t i n g  machine a t  a head speed corresponding t o  a s t r a i n  rate of 0.005 per  min- 
u t e  t o  the  y i e l d  s t r e s s  and a t  an increased head speed corresponding t o  a s t r a i n  
r a t e  of 0.05 per  minute t o  f a i l u r e .  
recorded autographical ly  aga ins t  s t r a i n .  S t r a i n  w a s  measured by foil-backed SR-4 
type s t r a i n  gages cemented t o  both s ides  of t he  sheet  specimen. 

I n  the  room-temperature t e s t ,  the  load  w a s  

I n  the  elevated-temperature t e n s i l e  t e s t s ,  t he  sheet specimens were r e s i s t -  
ance heated and held a t  temperature f o r  approximately 1 minute before t e s t i n g .  
Specimen temperatures were measured a t  
t he  center  of t h e  t es t  sec t ion  with an 
o p t i c a l  pyrometer; no emittance correc-  
t i o n s  were made. 
urement of t h e  r e l a t i v e  separat ion of 
the  t e s t i n g  machine heads w a s  recorded 
autographical ly  aga ins t  load t o  provide 
elevated-temperature s t ress-extension 
data .  The y i e l d  poin t  on the  s t r e s s -  
extension curves w a s  se lec ted  as 0.002- 
inch o f f s e t .  

During the  t e s t ,  meas- 

Bend t e s t s . -  Bend t e s t s  were made 
i n  the  same 10,000-pound-capacity screw- 
powered t e s t i n g  machine by using t h e  
f i x t u r e  shown i n  f igu re  2. The bend 
specimens were simply supported on 
1/16-inch-diameter p ins  11 inches apa r t  

and were c e n t r a l l y  loaded by a r a m  
having a contact  radius  of 1,/8 inch. 
Bending loads were appl ied a t  a head 
speed of 0.01 inch per minute. 
t he  bend t e s t s  made below room tempera- 
t u r e ,  t h e  specimen and f i x t u r e  were 
placed i n  various baths of cold water, 
i c e  and water, dry i c e  and acetone, o r  
l i q u i d  ni t rogen depending upon t h e  t e a -  
pera ture  desired.  I n  the  low-temperature 
t e s t ,  t he  specimen temperature w a s  

2 

During 

L-63-3100. 1 
Figure 2.-  Test f i x t u r e  f o r  determi- 

nation of bend-transition 
temperature. 
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monitored by a mercury-in-glass thermometer to -1100 F. When using liquid nitro- 
gen as the coolant, the specimen and fixture were imersed in the boiling liquid 
for 3 minutes before testing to insure that the specimen temperature was -3200 F. 

Oxidation Tests 

Oxidation tests were made at both normal atmospheric and reduced pressures. 
The oxidation tests at normal atmospheric conditions were made in static air in 
a vertical tube furnace equipped with a continuous weighting system. 
pressure oxidation test was also made in static air in a vertical tube furnace. 
The furnace tube and weighing system were maintained at a pressure of 1 mm of 
mercury during this test. 

The l o w -  

The oxidation testing equipment for the atmospheric-pressure oxidation 
testing is shown in figure 3. The specimens were suspended on a platinum wire 

Figure 3.- Balance and furnace setup fo r  s t a t i c  oxidation t e s t s .  L-62-9206.1 

in the furnace and the weight change was autographically recorded by a sensitive 
balancing system. To check the balance record, all specimens were weighed before 
and after testing. Test time varied from 24 hours to 283 hours over the tempera- 
ture range of 1,800° F to 2,400° F. 
and thickness measurements were made by using a filar micrometer stage on a bench 

The specimens were sectioned after testing 
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microscope a t  a magnification of approximately x 150. The micrometer s tage w a s  
c a l ib ra t ed  by using a ru l ed  gra t ing .  Each measurement reported represents  an 
average of a t  l eas t  fi.ve readings on each specimen. 

The t e s t  procedure and equipment f o r  t h e  low-pressure oxidation t e s t s  are 
e s s e n t i a l l y  the  same its those f o r  t h e  atmospheric-pressure tests except t h a t  t h e  
balance system i s  a l s o  maintained a t  1 mm of pressure.  

Met a l l u r g i  c a l  Stud.ie s 

Metal lurg ica l  studies on t h e  tho r i a t ed  n i cke l  were made t o  a i d  i n  evaluat ing 
t h e  mechanical p rope r t i e s  and oxidation t e s t s  on coated and uncoated specimens. 
These s tud ie s  included X-ray ana lys i s ,  microstructure  examination, and hardness 
measurements. 

X-ray inves t iga t ion . -  Sect ions were removed from the  t e s t e d  uncoated and 
coated oxidation specimens as w e l l  as from as-received material. 
of these  sec t ions  w e r e  examined by X-ray d i f f r a c t i o n  i n  t h e  following manner. 
The sec t ions  were placed i n  t h e  GE XRD-5 diffractometer  and were scanned by using 
a coll imated copper &, X-ray beam with a n i cke l  f i l t e r .  
t o  165 degrees w a s  used and the  d i f f r a c t i o n  p a t t e r n  w a s  recorded on a s t r i p - L m r t  
recorder.  
Mater ia ls  (ASTM) card da ta  f i l e .  

The f l a t  faces  

A scanning angle of 15 

The pa t t e rns  were indexed by using t h e  American Society f o r  Test ing 

Similar  sec t ions  were prepared f o r  X-ray emission s tud ie s .  The sec t ions  were 
placed i n  the  spectrogoniometer and were scanned by using u n f i l t e r e d  platinum 
rad ia t ion  and a LiF analyzing c r y s t a l .  The amount of t h o r i a  present  w a s  de te r -  
mined by using a 2-percent standard made from a piece of as-received tho r i a t ed  
n i cke l  . 

Microstructure examination.- Sect ions were removed from t h e  t e s t e d  uncoated 
and coated oxidat ion specimens and from as-received mater ia l .  The cu t  edges of 
these  sec t ions  were wet ground t o  remove any cold work l e f t  by the  cut-off opera- 
t i o n .  The sec t ions  were then mounted and mechanically polished. After  pol ishing,  
t he  specimens were etched e l e c t r o l y t i c a l l y  with a so lu t ion  of 10 grams of oxa l ic  
a c i d  i n  100 m l  of water f o r  10 t o  30 seconds. The etching vol tage w a s  4v t o  6v 
and t h e  amperage w a s  he ld  t o  less than 0.5 ampere. Photomicrographs were taken 
a t  var ious magnifications from 75 t o  1,000 diameters t o  show t h e  de t a i l ed  s t ruc -  
t u r e  i n  t h e  sect ioned specimens. 

Hardness measurements.- Hardness measuremen-ts were made on the  coated oxida- 
t i o n  sec t ions  t h a t  had been mounted and polished. A l l  hardness measurements were 
made on a microhardness t e s t e r  by using t h e  Knoop indentor  with a 100-gram weight. 

Fabricat ion 

The f ab r i ca t ion  c h a r a c t e r i s t i c s  of t ho r i a t ed  n i cke l  were s tudied  t o  determine 
poss ib le  d i f f i c u l t i e s  i n  machining, forming, and jo in ing  t h e  material i n t o  s t ruc -  
t u r a l  configurat ions.  
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The machining s tud ie s  consis ted of the  f ab r i ca t ion  of high-temperature 
testing-machine g r ips .  The forming consis ted of dimpling t h i n  sheet material 
f o r  sandwich panels ,  and t h e  jo in ing  included d i f fus ion  bonding of sandwich 
panels,  electron-beam welding, tungsten-inert-gas,  and res i s tance  welding of 
sheet material. 

The testing-machine g r ips  were machined from 1-inch-diameter bar  s tock by 
u t i l i z i n g  moderate c u t t i n g  speeds and a small end m i 1 1  f o r  roughing and f in i sh ing .  
The gr ips  were threaded a t  very low speeds t o  e l iminate  t e a r i n g  the  material. 

The dimpling of t he  0.0023- and 0.025-inch-thick sheet material t o  a depth 
The dimpled of 0.110 and 0.180 inch, respec t ive ly ,  w a s  done using a brake d i e .  

sheets  were then placed between f l a t - f ace  sheets  and d i f fus ion  bonded i n t o  s t ruc -  
t u r a l  sandwich panels .  This w a s  accomplished by placing the  f l a t - f ace  sheets  and 
t h e  dimpled center  shee ts  i n t o  a heavy s t a i n l e s s - s t e e l  r e t o r t  which had been 
sprayed with A1203 t o  prevent t h e  tho r i a t ed  n i cke l  from bonding t o  t h e  s t a i n l e s s  
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S t r a i n  

Figure 4.-  Tensi le  s t r e s s - s t r a i n  curves f o r  thor ia ted-  
n i c k e l  sheet a t  room temperature. 

s t e e l .  The r e t o r t  w a s  welded vac- 
uum t i g h t  and at tached t o  a l a rge  
pumping system which maintained a 
vacuum of 1 x 10-4 mm of mercury 
o r  lower during the  bonding cycle 
of 24 hours a t  2,0250 F. 

A sho r t  study w a s  i n i t i a t e d  
t o  develop adequate welding param- 
e ters  which u t i l i z e d  tungsten- 
iner t -gas  and electron-beam tech- 
niques. A f t e r  butt-welding, t h e  
specimens were t e s t e d  i n  tens ion  
t o  determine t h e  weld s t rength .  
This value w a s  then compared with 
the  s t rength  of t h e  as-received 
mater ia l .  

RFSULTS AND DISCUSSION 

Mechanical Proper t ies  

Tens i le  t es t s . -  The resul ts  
of t he  t ens i l e  tes ts  of t h e  0.025- 
and 0.50-inch-thick thor ia ted-  
n i cke l  sheet  are presented i n  
t a b l e s  1 t o  3 and f igu res  4 t o  9. 
The room-temperature stress-strain 
curves ( f i g .  4) show t h a t  t h e  y i e l d  
s t rength  of the t h o r i a t e d  n i c k e l  
preoxidized a t  2,OOOO F for 
24 hours was reduced 10 percent  
from the  room-temperature s t r eng th  
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Figure 5.- S t r e s s  extension curves fo r  thoriated-nickel  
sheet  a t  e levzted temperature. 

of t he  as-received sheet ,  whereas 
preoxidizing material a t  2,40O0 F 
f o r  24 hours caused a loss  i n  
s t rength  of about 20 percent.  
Figure 4 a l s o  shows t h a t  speci-  
mens coated with the  aluminum 
di f fus ion  coat ing and exposed f o r  
192 hours a t  2,200° F have slight 
los ses  i n  t e n s i l e  s t rength  ( see  
t a b l e  1) but t h a t  t he  y i e l d  
s t rength  decreased approximahely 
19 percent from t h e  s t rength  of 
t he  as-coated mater ia l .  After  
88 hours exposure a t  2,400' F 
t h e  coated specimens had a 
decrease i n  y i e l d  and t e n s i l e  
s t rength  of 30 t o  35 percent .  
This drop i n  s t rength  a t  2,400° F 
was p a r t l y  a t t r i b u t e d  t o  a fail-  
ure  of the  coat ing during expo- 
sure  which caused oxidation t o  
occur. 

The r e s u l t s  of t h e  elevated- 
temperature t e n s i l e  t e s t s  are 
shown i n  f igu res  5 and 6. The 
y i e l d  and t e n s i l e  s t rength  of 
the  a l l o y  was found t o  be 17.4 
and 21.4 k s i ,  respect ively,  a t  
1,700° F. These curves ind ica t e  
t h a t  t he  mater ia l  r e t a i n s  usable 
s t rength  t o  2,500° F which i s  
within 1500 of t h e  melting tem- 
perature of  the matrix. 

Figure 6 a l s o  shows t h a t  t h e  elongation decreases s t e a d i l y  from the  
1,700° F value Of 5 percent t o  3 percent at  2,570° F. 
ons t ra ted  i n  the  t e n s i l e  t e s t s  made a t  2,200° F and above, which showed the  speci-  
men exhib i ted  very l i t t l e  reduction i n  area;  no necking was noted a t  t h e  f r ac tu re .  
Figure 7 shows the  e f f e c t  of preoxidation on the  room-temperature elongation of 
uncoated specimens and a l s o  t h e  e f f e c t  of exposure on t h e  elongation of the  coated 
specimens. Specimens preoxidized a t  2,OOOO F and 2,400° F f o r  24 hours and t e s t e d  
a t  room temperature showed only a s l i g h t  loss  i n  elongation. The specimens t h a t  
were coated and exposed a t  2,200' F and 2,400° F f o r  various times showed some 
decrease i n  elongation although the  room-temperature elongation always remained 
above 8 percent .  
d u c t i l e .  

This decrease w a s  dem- 

This indica ted  t h a t  t h e  mater ia l  s t i l l  remained r e l a t i v e l y  

The s t rength  of t h e  thor ia ted-n icke l  sheet  i s  compared with tha t  of two 
superal loys,  two r e f r ac to ry  a l loys ,  and a chromium composite on a strength-weight 
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Figure 6. - Mechanical. property as a function of temperature for thor ia ted-n icke l  sheet .  

b a s i s  i n  f igu re  8. 
a l l o y  and Haynes a l l o y  no. 25,  a cobalt-base a l loy ;  these  a l loys  and t h e  proper- 
t i e s  thereof a r e  described i n  references 4 and 5. 
comparison a r e  Mo-O.5Ti molybdenum a l loy  ( r e f .  6 )  and FS-82 columbium a l l o y  con- 
t a i n i n g  30-percent tantalum ( r e f .  7). 
posed of 95-percent chromium and 3-percent magnesium oxide by weight. The prop- 
e r t i e s  of t h i s  mater ia l  a r e  given i n  reference 8. 

The superalloys used f o r  comparison a r e  Renk 41, a nickel-base 

The r e f r ac to ry  a l loys  used f o r  

A composite used f o r  comparison was com- 

On a strength-weight basis the  tho r i a t ed  n i cke l  r e t a i n s  a higher s t rength-  
weight r a t i o  above 1,700° F and 2,OOOO F than the  cobal t -  and nickel-base super- 

n i cke l  i s  based on a uniform dispers ion of an extremely s t ab le  t h o r i a  second phase. 
This s t ab le  t h o r i a  appears t o  block grain boundary and d is loca t ion  movement t o  
within a few degrees of t he  melting temperature of the  matrix. This allows the  
mater ia l  t o  r e t a i n  use fu l  t e n s i l e  proper t ies  a t  temperatures up t o  2,4000 F f o r  
extended time per iods.  The strengthening mechanism of the  nickel-base superalloy 
(Ren6 41) depends on p rec ip i t a t ion  hardening as wel l  as s o l i d  so lu t ion  hardening 
while t he  cobalt-base superal loy (Haynes a l l o y  no. 25) a t t a i n s  i t s  s t rength  from 
s o l i d  so lu t ion  hardening. 

I alloys, respect ively.  The strengthening mechanism associated with t h e  t h o r i a t e d  

When the  superalloys a r e  exposed t o  temperatures above 
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Figure 7.- Room-temperature elongation data fo r  
uncoated and coated thcsriated-nickel sheet  I 
exposed a t  temperatures ranging from 2,000O F 
t o  2,400' F. 

2,OOOO F, the  p r e c i p i t a t e s  i n  t h e  
nickel-base superalloy a r e  taken 
back i n t o  so lu t ion ,  and the  
strengthening from s o l i d  so lu t ion  
a l loy ing  i n  both the  nickel-  and 
cobalt-base mater ia l s  decreases 
because the  d is loca t ion  mobi l i t i es  
increase.  The r e f r ac to ry  a l loys  
a r e  considerably s t ronger  than the  
tho r i a t ed  n i cke l  i n  the  tempera- 
t u r e  range from 1,8000 F t o  
2,4000 F, but it must be remem- 
bered t h a t  they require  a protec-  
t i v e  oxida t ion- res i s tan t  coat ing 
which may be qu i t e  d i f f i c u l t  t o  
apply t o  l a rge  sect ions and com- 
p l i c a t e d  configurations.  Moreover 
a sudden f a i l u r e  of the  coat ing on 
the  r e f r ac to ry  a l loys  may cause a 
ca tas t rophic  mater ia l  f a i l u r e .  
The curve f o r  t he  Cr-MgO composite 
f a l l s  below the  thor ia ted-n icke l  
curve i n  f igure  8 over the  e n t i r e  
temperature range. This mater ia l  
has been shown t o  be a f f ec t ed  by 
ni t rogen penet ra t ion  ( r e f .  8 ) .  
The preceding r e s u l t s  ind ica te  
t h a t  t he  thor ia ted-n icke l  a l loy  
should be considered on a 
s t rength  bas i s  f o r  s t r u c t u r a l  
appl ica t ions  which require  low 
s t r e s s e s  i n  the  temperature 
range of 1,8000 F t o  2,400° F.  

Tensi le  weld t e s t s . -  Table 3 
gives the  da ta  f o r  the  t e n s i l e  
t e s t s  made on butt-welded t e n s i l e  
specimens a t  room temperature. 
The specimens welded by t h e  
electron-beam method as wel l  as 

those welded by tungsten-inert-gas (TIG)  techniques by using pure n i cke l  f i l l e r  
rod a l l  showed t h a t  t he  ve ld  s t rength  w a s  approximately 80 percent of t h e  as- 
received mater ia l  s t rength  a t  room temperature. Results on the  TIG butt-welded I specimens with no f i l l e r  rod showed the  s t rength  t o  be 50 percent of t he  as- 
received mater ia l  s t rength  a t  room temperature. 
ma te r i a l  w a s  due t o  a vel-y porous weld. Elongations f o r  the  electron-beam-welded I and TIG welded specimens with no f i l l e r  rod ran about 2 t o  3 percent ,  whereas TIG I welded specimens using f i l l e r  rod had about 6-percent elongation. 

This low s t rength  using no f i l l e r  

Trans i t ion  temperature.- Bend-test data  a r e  presented i n  f igu re  9. An attempt 
, w a s  made t o  determine bend-transi t ion temperature i n  t h i s  repor t  i n  t he  following 
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Figure 8.- Comparison of thoriated-nickel  sheet  with two superal loys,  two re f rac tory-  
metal a l l o y s ,  and a Cr-MgO composite on a strength-weight bas i s .  
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Figure 9.- Curve showing bend d u c t i l i t y  for the  thor ia ted-n icke l  sheet  mater ia l ;  
sheet thickness ,  0.050 inch. Each c i r c l e  i s  f o r  a d i f f e r e n t  specimen. 
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manner. A specimen thi3.t withstood a 600 bend as shown i n  f igu re  9 without f a ih -  
ure  w a s  considered t o  -be i n  t he  duc t i l e  range and one t h a t  f a i l e d  before bending 
600 w a s  considered t o  -be b r i t t l e .  Figure 9 shows t h a t  a l l  s i x  specimens t e s t e d  
withstood the  maximum -3end angle (71°) t h a t  t he  f i x t u r e  would allow from looo F 
t o  -320' F. Although -the t r a n s i t i o n  temperature i n  bending w a s  not determined, 
good bend d u c t i l i t y  w a s  maintained t o  -320° F. 

Oxidation Proper t i  e s 

Uncoated specimens.- The r e s u l t s  of oxidation t e s t s  on thor ia ted-n icke l  sheet 
and bar stock are show; i n  f igu res  10 t o  13. Figure 10 compares curves of weight 
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g a r  

S h e e t  
I .  / "' 

/ 
find S h e e t  - 1", I,. 

40 80 I 2 0  I 6 0  

T i m e . h r  

Figure 10.- Oxidation curves fo r  t he  thor ia ted-n icke l  a l l o y  and Renk 41 showing 
weight gained per  u n i t  a rea  as a function of time. 

gained as a funct ion of time a t  temperatures from 1,800~ F t o  2,400° F f o r  t h o r i -  
a t e d  n i cke l  and a superzlloy (Re& 41) .  
t i o n  agree with r e s u l t s  supplied by E. I .  du Pont de Nemours & Company f o r  t h o r i -  
a t e d  n icke l .  A t e s t  male a t  a pressure of 1 m of mercury and a temperature of 
2,400° F ( f i g .  10) showed the  weight gained w a s  reduced from 34 mg/cm2 a t  60 hours 
f o r  1 atmosphere t o  15.3 mg/cm2 a t  60 hours a t  t he  reduced pressure.  
l i s h e d  r e s u l t s  of oxidation t e s t i n g  of Re& 41 a t  1,800° F and 2,000° F ( f i g .  10) 
i nd ica t e  t h a t  the  weight gained per  uni t  area f o r  the  Ren6 41 w a s  l e s s  than f o r  
t h e  tho r i a t ed  n i cke l  a t  2,000° F. 
oxide a t t a c k  on t h e  tho r i a t ed  n i cke l  i s  a very uniform surface a t t a c k  which does 
not adversely a f f e c t  grain boundaries. 
a t tacked i n  the  gra in  boundaries ( r e f .  9 )  and a f t e r  exposures a t  1,8000 F and 

The r e s u l t s  obtained i n  t h i s  inves t iga-  

The unpub- 

These r e s u l t s  may be misleading i n  t h a t  t h e  

The nickel-base Ren6 41 i s  severely 
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2,000° F the re  i s  a depleted area under the oxide f i lm.  
bined with t h e  in te rgranular  oxide a t t a c k  reduces i t s  usefulness f o r  long t i m e  
exposures near 2,000° F. 

This depleted area com- 

. 03  

M a t e r i o l  
remaining, 

i n .  

The oxide formed on the  surface of t he  tho r i a t ed  n i cke l  was N i C .  The out-  
s ide  l aye r  w a s  black and shiny, but t he  l aye r  near t h e  metal  surface w a s  green. 
A possible  explanation f o r  t he  formation of these  types of oxides w i l l  be given 
i n  the sec t ion  e n t i t l e d  "Metal lurgical  Inves t iga t ion  . I '  

- 

Another i nd ica t ion  of oxidation r e s i s t ance  of a mater ia l  i s  obtained from a 
determination of t h e  lo s s  of o r i g i n a l  mater ia l  t o  oxide formation. The r e s u l t s  
of thickness  measurements made on the  thor ia ted-n icke l  sheet a f t e r  oxidat ion a r e  
presented i n  figure 11. The amount of o r i g i n a l  mater ia l  remaining a f t e r  oxida- 
t i o n  i s  p l o t t e d  as a funct ion of exposure t i m e  f o r  temperatures of 2,OOOO 

O r i g i n a l  t h i c k n e s s  

F 

0 IO0 2 0 0  300  

T I  me, h r .  

Figure 11.- Material remaining as a function of time for the thoriated,nickel sheet mate- 
rial at temperatures of 2,000° F and 2 , b O o  F. 

and 2,400° F. 
285 hours a t  2,000' F and 0.012 inch i n  270 hours a t  2 , h O o  F. 

The material l o s s  as shown by the  curves i s  only 0.0050 inch i n  

Coated specimens.- The resul ts  of oxidation t e s t s  on coated sheet  specimens 
The figure shows curves of weight gained as a func- a re  presented i n  f igu re  12. 

t i o n  of time a t  temperatures ranging from 2,OOOO F t o  2,400° F. 
i nd ica t e  the re  i s  negl ig ib le  weight gained up t o  2,200' F f o r  many hours and very 
good r e s i s t ance  t o  oxidat ion f o r  exposure times under 50 hours a t  2,400° F. 
complete study on in t e rme ta l l i c  compounds formed i n  the  coat ing and d i f fus ion  of 

These r e s u l t s  

A 
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Figure 12.-  Oxidzition curves of t h e  calor ized thoriated-nickel  sheet  showing weight gained 
per  u n i t  area as a functi.on of time 
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Figure :L3.- Comparison of oxidation data  for coared and uncoated thor ia ted-  
n i c k e l  sheet  a t  10 and 100 hours. 



the coating into the base material will follow in a later section. 
liminary results on the calorized diffusion coating indicate that it protects 
the base material against oxidation for many hours at temperatures up to 2,300° F. 

These pre- 

A comparison of the oxidation rates for coated and uncoated materials is 
given in figure 13. The weight gained per unit area is plotted as a function of 
temperature for 10- and 100-hour exposures, and the results indicate the coating 
reduces the oxidation considerably. 

Metallurgical Investigation 

X-ray investigation.- X-ray diffraction techniques were used to study the 
composition of the thoriated-nickel specimens in the following conditions: 
(1) as-received sheet, (2) sheet material with oxide film, (3) sheet material 
with diffusion coating, (4) and sheet material with diffusion coating after 
elevated-temperature exposure. 
are presented in figures 14 and 15. 
studied by running a diffraction pattern on the surface of the specimen, then 
removing material in increments of 0.0005 inch or more, and running successive 
diffraction patterns. 
thoriated-nickel base material was again obtained. 

The results of the X-ray diffraction measurements 
The material in conditions 2, 3, and 4 was 

This was continued until the diffraction pattern for the 

The values of "d" spacings calculated from the diffraction record for the 
as-received uncoated thoriated-nickel material agree with the 'Id" spacings on the 
ASTM X-ray cards for Ni and Th02. 

B l o c k  N i O  
/ \ 

This result indicates that only nickel and 
thoria are present. 
niques were used to determine the amount of 
thoria in the oxide layer and in the calo- 
rized coating before and after exposure. 

X-ray emission tech- 

Tho*, 
p e r c e n t  

Figure 14.- Material composition and 
thoria distribution in the 
thoriated-nickel sheet after 
elevated-temperature exposure as 
shown by edge view. 

Figure 14 gives the composition of the 
oxide film after elevated-temperature expo- 
sure. The X-ray analysis identified NiO in 
the black outer layer. The NiO, a stable 
oxide of nickel, has a cubic structure and 
melts at 3,0500 F. 
reflections in the outer black layer (200) 
and (400) planes indicating that the oxide 
was preferentially oriented. After removing 
the black layer, a green layer was discovered. 
The X-ray pattern for the green layer was 
essentially the same as for the black layer, 
again indicating the presence of NiO. The 
only detectable difference noted in the X-ray 
data was, instead of two major reflections 
found in the black oxide, that there were 
reflections from eight lattice planes in the 
green layer. This result indicated that the 
green oxide layer was not preferentially 
oriented to the same extent. 

There were two very strong 

The X-ray 
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emission data ob ta ine i  from the  green oxide showed t h e  Tho2 increased from zero 
percent a t  t he  i n i t i a t i o n  of t he  green oxide t o  2 percent.  The percentage of 
t h o r i a  then tended t o  l e v e l  off and remain a t  about 2 percent throughout t he  green 
oxide, but it again increased suddenly a t  the  oxide-nickel i n t e r f a c e  t o  about 
2.5 percent.  J u s t  be;yond t h i s  i n t e r f ace  a very t h i n  thoria-depleted zone w a s  
detected i n  t h e  thor ia ted-n icke l  mater ia l .  

Both X-ray d i f f r a c t i o n  and X-ray emission ana lys i s  were employed t o  i n v e s t i -  
gate  the  coat ing composition. 
shown i n  f igu re  l 5 ( a )  and a f t e r  exposure a t  2,OOOO F and 2,400' F i n  f igu res  l 5 ( b )  
and l 5 ( c ) ,  respect ively.  

The composition of t he  "as-deposited" coat ing i s  

The X-ray da ta  show A l g N i  on the  surface with Ami pJNl Thor I o t e d  

Tho2 
ThO2, 

p e r c e n t  2 ~ 

I I 

-0 - 

. 0 0 0 4 1  k\' 7' 

~. 

. 0 0 0 5  

A l N i  + A ' N 1 3  

/ / 
A1203 + Tho2 + A I N I  

Thor I o t e d  
N I  

A l N i  

~ 

Thor  I o t e d  
N I  

( a )  Zero exposure. ( b )  50 hours a t  2,000° F. ( c )  45 hours a t  2,400° F. 

Figure 15.- Mater ia l  composition and t h o r i a  d i s t r i b u t i o n  i n  t h e  calor ized 
thoriated-nickel  sheet  a f t e r  elevated-temperature exposure shown by edge 
views. 

d i r e c t l y  below. A t r a n s i t i o n  l aye r  going from A l N i  t o  Ami..; w a s  noted. Below 

Figure 16.- Micrcprobe ana lys i s  of 
t h e  as-deposited calor ized coat ing 
on t h o r i a t e d  n icke l .  (Eu Pont 
co.)  

/ 

t h i s  l a y e r  t h e  major cons t i tuent  
w a s  i d e n t i f i e d  as AlNi3 p lus  some 
tho r i a .  The amount of t h o r i a  
detected by emission s tud ie s  
appeared t o  be about 1 percent .  The 
two aluminum-nickel i n t e rme ta l l i c  
compounds (Ami and A L N i 3 )  possess 
good oxidation r e s i s t ance  and excel-  
l e n t  thermal s t a b i l i t y .  The AlNi 
melts above 3,0000 F which exceeds 
the  melting temperature of e i t h e r  
N i  o r  A l .  
electron-probe microanalyzer scan of 
t he  as-deposited coat ing supplied by 
Ix1 Pont. It should be noted t h a t  
t he re  i s  exce l len t  agreement between 
r e s u l t s  of t he  coat ing composition 
found by the  X-ray d i f f r a c t i o n  anal-  
y s i s  and t h e  electron-probe ana lys i s .  

Figure 16 shows an 
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Figure 17.- Microstructure of as-received thoriated-nickel 
sheet. 

The composition of t he  
coating a f t e r  exposure a t  
2,000° F f o r  50 hours i s  
shown i n  f igu re  l 5 ( b ) .  The 
examination of t h e  surface 
by X-ray d i f f r a c t i o n  i n d i -  
cated the  presence of Al203, 
AlNi, and A l N i 3 .  Below the  
0.0003-inch-thick surface 
layer ,  which contained a l l  
of the  aforementioned con- 
s t i t u e n t s ,  t h e  coat ing con- 
s i s t e d  almost e n t i r e l y  of 
Ami. A t  a depth of 
0.003 inch below the  speci-  
men surface t h e  presence of 
t h o r i a  w a s  detected and con- 
t inued t o  t h e  i n t e r f a c e  of 
t he  coating and the  base 
metal where a t h i n  l aye r  
appeared t o  be depleted of 
thoria. After  exposure at 
2,400° F f o r  45 hours the  
composition w a s  i d e n t i f i e d  
as shown i n  f igu re  l 5 ( c ) .  
The surface l aye r  of A 1  0 

increased i n  thickness  with 
exposure time a t  e levated 
temperatures. The amount 
of Ami and Ami3 i n  the  
surface l aye r  decreased with 
exposure time u n t i l  it w a s  
j u s t  bare ly  de tec tab le ,  but 
Tho2 w a s  readily detected on 
the  surface and ind ica ted  
t h a t  increased d i f fus ion  w a s  
t ak ing  place.  Below t h e  
surface l aye r  the  mater ia l  
w a s  i d e n t i f i e d  as N i  with a 
s m a l l  amount of Th02. The 
Tho2 increased t o  t h e  normal 
2 percent a t  t h e  coating- 
metal i n t e r f ace .  

2 3  

Microstructure examina- 
t i o n  and d i f fus ion  study.-  A 
study of t he  microstructure 
of the thor ia ted-n icke l  
a l l o y  was undertaken t o  
determine the  loca t ion  of 
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(a) x 100. 

(b) x 250. L- 63-3167 

Figure 18. - Microstructure of uncoated thoriated- 
nickel sheet after 168-hour exposure at 
2,400° F. 

t h e  oxides, t h o r i a  p a r t i c l e s ,  and 
in t e rme ta l l i c  compounds found by 
X-ray d i f f r ac t ion  ana lys i s  and t o  
study possible  coating d i f fus ion  
during elevated-temperature exposure. 
Figure 17 shows the  microstructure of 
t ho r i a t ed  n icke l  i n  the  as-received 
condition. In  f igu re  l 7 ( a )  the  tho- 
r ia p a r t i c l e s  cannot be detected,  but 
t he  e lec t ron  micrograph ( f i g .  l 7 ( b ) )  
shows tho r i a  (black spots )  and holes 
( l i g h t  spots )  where t h e  tho r i a  was 
removed during pol ishing.  These tho- 
r i a  p a r t i c l e s  a r e  submicron i n  s i ze  
and were qui te  uniformly dispersed. 

Photomicrographs of specimens 
a f t e r  elevated-temperature exposure 
a r e  shown i n  f igu res  18 t o  20 and 22 
t o  24. Figure 21 shows t h e  buildup 
i n  oxide f i lm.  The oxide f i lm a f t e r  
exposures of 168 hours a t  2,400° F i s  
shown i n  f igures  18. 
not spa11 during rap id  cooling which 
ind ica ted  t h a t  t he  oxide f i lm i s  very 
adherent t o  t h e  base-metal surface.  

The film did 



Figure 19 shows the  oxide p a r t i c l e s  pene t ra t ing  i n t o  t h e  n i cke l  matrix t o  some 
exten t .  A po lar ized  l i g h t  micrograph of t h e  oxide f i lm  showing two d i s t i n c t  

L-63-3168 
Figure 19.- Photomicrograph showing oxide penetration into the 

uncoated thoriated nickel after exposure for 24 hours at 
2,4000 F. x 250. 

l aye r s  (b lack  on outs ide and green on i n s i d e )  i s  shown i n  f igu re  20. 
t h e  formation of these  d i f f e r e n t l y  colored N i O  layers, a marker (0.001-inch 
platinum w i r e )  w a s  p laced on the  material surface before oxidat ion and then 
exposed f o r  250 hours a t  2,400° F. 
t h e  black and green oxide l aye r .  
pos i t i on  ind ica ted  t h a t  t h e  o r i g i n a l  metal surface w a s  very c lose  t o  t h e  pos i t i on  
marked by the  black-green oxide in t e r f ace .  
i s  added t o  the  o r i g i n a l  material remaining a f te r  oxidat ion,  t h e  t o t a l  i s  very 
close t o  the  o r i g i n a l  sheet  thickness .  Therefore, it has been pos tu la ted  t h a t  
t h e  black l a y e r  grows as a resul t  of t h e  d i f fus ion  of t h e  n i cke l  outward while 
t h e  green oxide forms as a resul t  of t h e  d i f fus ion  of t h e  oxygen inward. 
t i o n  s tud ie s  ( refs .  10 and 11) have shown t h a t  t h e  black oxide i s  oxygen s a t i s f i e d  
and t h a t  the  mechanism con t ro l l i ng  t h e  r a t e  of formation i s  t h e  d i f fus ion  of 
N i + 2  ion  along t h e  vacant ca t ion  poin ts  of t h e  oxide l a t t i c e .  It i s  concluded 
from X-ray ana lys i s  ( r e f .  12) t h a t  t h e  high-temperature oxidat ion of n i cke l  i s  
cont ro l led  by the  oxygen d i f fus ion  from the  intermediate  po in t s  of t h e  N i O  l a t t i c e  
t o  t h e  metal. 
gen present  t o  form t h i s  would probably not  be as p l e n t i f u l  as t h e  amount ava i l -  
ab le  t o  form t h e  black oxide. X-ray d i f f r a c t i o n  r e s u l t s  ( f i g .  1 4 )  i nd ica t e  t h a t  
t he  s t a b l e  t h o r i a  d id  not d i f fuse  i n  t h e  black oxide which gives  f u r t h e r  ind ica-  
t i o n  t h a t  t h e  o r i g i n a l  metal i n t e r f ace  w a s  near t he  outer  edge of t h e  green oxide. 

To study 

The f i n a l  pos i t i on  of t h e  marker l a y  between 
This w a s  a l s o  observed i n  reference 10. This 

If t h e  thickness  of t h e  green oxide 

Oxida- 

This would account f o r  the  green oxide, i n  t h a t  t h e  amount of oxy- 
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Black 
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Oxide 

Thoriated 
Nicke 1 

L- 63 -3169 
Figure 20.- Photomicrograph showing two d i s t i n c t  oxide layers  

Polar ized l i g h t ;  after exposure of 180 hours a t  2,200° F. 
x 500. 
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S e c i m e n  
tt I c k n e s s ,  

I n .  
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.04C 

0 IO0 200  300 

E x p i s u r e  t i m e ,  h r  

Figure 21.- Increase i n  oxide thickness  a s  a funct ion of time f o r  t h o r i a t e d  n i c k e l  a t  
2,0Oo0 F and 2,400° F. 



Figures 22 and 23 show s m a l l  holes i n  t h e  n i cke l  matrix near t he  oxide innerface.  
These holes may account f o r  t he  N i  t h a t  has d i f fused  outward t o  form t h e  black 
oxide. 
(smooth) and the  gradat ion of t h e  holes  from a l a rge  s i z e  near t h e  oxide-metal 
innerface u n t i l  they disappear i n  t h e  n i cke l  matrix.  

Figure 23 i s  a composite e lec t ron  micrograph showing the  oxide f i lm  

(1 b 

L- 63-3170 
Figure 22.- Microstructure of t h o r i a t e d  n i c k e l  a f t e r  100 hours a t  

2,200° F showing holes  i n  t h e  base mater ia l .  x 250. 

N i c k e l  o x i d e  L a r g e  h o l e s  S m a l l  h o l e s  

L-63-3171 
Figure 23.- Electronmicrograph of thor ia ted  n icke l  showing graduation of holes 

i n  base mater ia l .  x 3,000. 
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L-63-31-72 
Figure 24.- Photomicrograph of a calor ized thor ia ted-n icke l  sheet  specimen showing 

coat ing uniformity on end. Edge view; x 100. 

A l N i  
A1Ni+AlNi3 
M N i 3  

. 
la.--. - Thoriat ed 

Nickel 

L-63-3173 
Figure 25.- Photomicrograph of as-deposited ca lor ized  coat ing showing 

indiv idua l  grains. Polar ized l i g h t ;  x 250. 
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Micrographs of a coated and unexposed specimen a r e  shown i n  f igu res  24 
Figure 24 shows t h a t  t he  coating w a s  appl ied uniformly and t h a t  no and 25. 

cracks a r e  evident.  I n  f igu re  25, t he  coating i s  shown a t  a higher magnification, 
and the  ind iv idua l  grains i n  t h e  coat ing a r e  i n  evidence. The components i n  t h e  
coating were i d e n t i f i e d  by X-ray d i f f r a c t i o n  ( f i g .  15) and were cor re la ted  with 
the  microstructure study t o  provide t h e  following in t e rp re t a t ion .  The t h i n  sur- 
face layer  contains a high percentage of aluminum (38 percent by weight) which i s  
combined with the  n i cke l  t o  form A l y i .  
t he  second layer .  
second and t h i r d  layers .  The t h i r d  l aye r  i n  which no ind iv idua l  gra ins  are 
showing cons is t s  of t h o r i a  dispersed i n  ALNi3.  
s ion of the aluminum inward and t h e  n i cke l  outward toward the  surface occurs 
during the  ca lor iz ing  process.  The innerface of t h e  columnar grained Ami and 
the  Ami3 t h o r i a  phase i s  believed t o  be the  sheet surface before ca lo r i z ing  
because, thermodynamically, t h e  tho r i a ,  as mentioned before,  would not  be expected 
t o  move. 
mately 0.002 inch i n t o  the  base material. 

The l a rge  columnar grains  of A l N i  form 
A t h i n  t r a n s i t i o n  layer  of A l N i  p lus  Ami3 exis t s  between the  

Thus, it i s  seen t h a t  t h e  diffu- 

During appl ica t ion  of t h e  ca lor ized  coating, t he  A 1  d i f fused  approxi- 

Figure 26 i l l u s t r a t e s  t h i s  e f f e c t  of exposures a t  50, 100, and 200 hours a t  
2,0000 F on the  ca lor ized  specimens. The c o o p  hardness values shown on t h e  f i g -  
ures  will be discussed i n  a subsequent sect ion.  The microstructure i s  cor re la ted  
with X-ray d i f f r a c t i o n  r e s u l t s  ( f i g .  15) t o  give t h e  following in t e rp re t a t ion .  
Aluminum from t h e  A l 3 N i  reacted with oxygen a t  t he  surface t o  form A1203 on the  

Knoop 
hardness , 

317 

120 

188 

( a )  50-hour exposure. 

Knoop 
hardne s s , 

307 

- 120 

188 188 - 
L-63- j174 

(b )  100-hour exposure. ( c )  200-hour exposure. 

Figure 26.- Photomicrographs showing t h e  e f f e c t  of 2,000° F exposure on the  ca lor ized  coat ing fo r  
times up t o  200 hours. x 250. 
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Figure 27.- Curves showing coating diffusion into base material at 2,000' F and 2,bOo F. 
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[a) 24-hour exposure. (b) 45-hour exposure. (c) 213-hour exposure. 

Figure 28.- Micrographs showing effect of 2,4000 F exposure on the calorized coating for times up 
to 213 hours. x 250. 



surface and more Ami in t e rme ta l l i c  compound a s  follows: 

A t  the  same time aluminum was d i f fus ing  i n  toward the  thor ia ted  n icke l  forming 
more A l N i .  It should a l so  be noted t h a t  t he  Ami grains  a re  no longer v i s i b l e  
as a d i s t i n c t  l ayer  under the  polar ized l i g h t  ( f i g .  26).  
thickness i s  p lo t t ed  i n  f igu re  27 f o r  t he  2,000° F as wel l  a s  f o r  t he  2,4000 F 
exposures. The r e s u l t s  of f i gu re  27 ind ica te  t h a t  t h e  coating thickness remains 
r e l a t i v e l y  unchanged a f t e r  an i n i t i a l  exposure time of 50 hours. 

The increase i n  coating 

The e f f e c t  of 24, 45, and 213 hours of exposure a t  2,400° F on the  coating 
i s  shown i n  f igu re  28 and the  r e s u l t s  a r e  again cor re la ted  with the  d i f f r a c t i o n  
r e s u l t s  ( f i g .  15).  The aluminum i n  the  coating i s  d i f fus ing  toward the  surface 

I t o  form a t h i c k  layer  of Al2O3. The coating matrix a t  2,400° F may be noted t o  
I look t h e  same as t h e  base mater ia l .  In  f a c t  t he  coating was determined t o  be 

1 
1 4 inch I 

L-63-1706 
Figure 29.- Specimen showing bend d u c t i l i t y  of di f fus ion  

coat ing after exposure a t  1,800° F t o  2,200' F. 

e s s e n t i a l l y  pure n i cke l  under 
t h e  outside layer  a f t e r  expo- 
sures  of 24 hours. T h i s  i n s ide  
layer  of  t he  coating has many 
holes which may be due i n  p a r t  
t o  t he  aluminum di f fus ing  
toward the  surface.  

A study of the  coating 
d u c t i l i t y  w a s  a l so  made, and 
t e s t s  revealed t h a t  t h e  coating 
cracked i f  an attempt w a s  made 
t o  bend t h e  specimen before 
exposure. F i g w e  29 shows t h a t  
t h e  coating was duc t i l e  i f  bent 
a f t e r  exposure a t  1,8000 F t o  
2,2000 F. Bending a f t e r  expo- 
sures  a t  temperatures higher 
than 2,2000 F caused coating 
f a i l u r e .  This may be explained 
from t h e  r e s u l t s  i n  f igu re  30 
which shows t h e  surface of t h e  
coating a f t e r  exposure. The 
coating on f igu re  3O(a) i s  made 
up of Ami and A1203 with 
enough ALNi t o  allow bending 
without rupture a f t e r  exposure 
a t  2,200° F, but a f t e r  exposure 
above t h i s  temperature the  sur- 
face was almost e n t i r e l y  A1203 
( f i g .  3O(b)) which cracked when 
bending was attempted. It 
appears t h a t  i f  t h e  coating 
surface ruptured a t  2,400° F, 
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( a )  75 hours a t  2,200° F. 

A1 0 
2 3  

(b )  84 hours at  2,400' F. L-63 -3176 
Figure 30.- Surface of t h e  coated thoriated-nickel  specimens 

a f t e r  2,200° F and 2 , k O O O  F exposures. x 12. 

A1 0 
2 3  

. A l N i  



the specimen would start to oxidize, but if the coating surface ruptured at 
2,2000 F and below, it would still resist oxidation as a result of the exposed 
stable Ami. 

The stability of the coating has been studied and the results indicate that 
it is very stable up to 2,200° F and possibly up to 2,300° F for 200 hours, but 
at 2,400° F it is not reliable at the present time beyond 50 hours although speci- 
mens have lasted as long as 213 hours at 2,400° F. 

Hardness measurements.- Hardness measurements were made on specimens that had 
been calorized to study changes in the coating due to elevated-temperature expo- 
sure. The hardness values are tabulated on the photomicrographs in figures 25, 
26, and 28. The hardness of the as-coated material (fig. 25) was 846 and 618 
Knoop for AlNi and AlNi3, respectively. The hardness on a thin section between 
the Ami3 and the base material was about 140 Knoop. This corresponds to a hard- 
ness value found in a piece of pure nickel which indicates an area of thoria 
depletion. 
compound being rich in Al. Reference 1.3 shows that an increase in hardness occurs 
in Ami as a result of the vacancy-type defect structure found on the A1 rich side 
of the compound. 
dropped to 317. This drop can be accounted for by the diffusion of A1 into the 
substrate from the A m i  which causes an enrichment in Ni. Reference 13 shows 
that as the A l N i  compound reaches a 30-atomic-percent A1 and 50-atomic-percent 
Ni state the hardness decreases to a minimum, and that the increase in hardness 
is much slower as the percentage of Ni rises. A thoria-depleted layer was again 
identified adjacent to the base material. After exposures at 2,400° F the basic 
coating area was very soft and had a hardness of 120 Knoop which is approximately 
the same as that for annealed nickel with no thoria. For the 24-hour exposure at 
2,400° F, a thin layer with a hardness of 21.7 Knoop was found next to the thori- 
ated nickel which indicates that some AlNi remained, but after 45 hours at 
2,400° F all this AlNi disappeared and only Ni remained in the coating. 

The high hardness value of 846 in the A l N i  is probably due to the 

After exposure at 2,000° F, the hardness value of the A m i  

Fabrication 

The fabrication characteristics were studied by machining high-temperature 
grips for creep-rupture testing, dimpling, and joining the thoriated-nickel sheet 
material by diffusion bonding, and tungsten-inert-gas (TIG) , electron-beam, and 
re si stance welding. 

Machining.- The machined creep grips are shown in figure 31. The machining 
was accomplished with relative ease by using moderate cutting speeds and heavy 
feeds. The figure shows the surface of the grips after they have been calorized 
to resist oxidation. 

Diffusion bonding.- A schematic drawing and a photograph of the diffusion- 
bonded sandwich panels are shown in figures 32 and 33. The panel on the left was 
constructed from 0.025-inch-thick sheet while the panel on the right was con- 
structed from 0.0025-inch dimpled sheets, 0.004-inch-inside-face sheets, and 
0.010-inch-outside-face sheets. The quality of the diffusion bond was checked by 
attempting to separate the face sheets from the dimpled center sheets. The 
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L-63-4008 
Figure 31.- Calorized thor ia ted-n icke l  t e n s i l e  gr ips  fo r  use a t  e levated temperatures. 

.OlO O u t s i d e - F a c e  S h e e t  

.0025 D i m p l e d  S h e e t s  .338 
.004 C e n t e r  S h e e t s  .025 D i m p l e d  S h e e t  

( a )  Single-layer diffusion-  ( b )  Mult i layer  diffusion-  
bonded panel. bonded panel. 

Figure 32.- Schematic of thoriated-nickel  diffusion-bonded sandwich panels .  
A l l  dimensions are i n  inches. 
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attempted separation r e su l t ed  i n  pu l l ing  bonded plugs from the  dimpled sheets  
which indicated the  bond was stronger than the  base mater ia l .  
made of the  bonded plugs ( f i g .  34) and it revealed no t h o r i a  agglomeration. 

A microsection w a s  

L-63-705 L-63-707 
(a) Single-layer diffusion-bonded panel. (b) Multilayer diffusion-bonded panel. 

Figure 33.- Photographs of diffusion-bonded sandwich panels. 

L-63-31.77 
Figure 34.- Photomicrograph of diffusion-bonded thoriated-nickel sheets 

taken from a single-layer panel. x 500. 
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Electron-beam welding.- Elect,ron-beam welds were made on 0.025- and 
0.050-inch-thick thor ia ted-n icke l  sheet .  Welding parameters were determined and 
a re  given i n  t a b l e  4. 
a weld cross  sec t ion  on 0.025-inch-thick mater ia l .  The figure shows the re  i s  some 
t h o r i a  agglomeration. It may be noted t h a t  t he  bend i n  t h e  specimen w a s  accom- 
p l i shed  a f t e r  welding, which ind ica t e s  some d u c t i l i t y  i n  t h e  weld zone, although 
it d id  not show up i n  t h e  elongation measurements over a 1-inch gage length a f t e r  

The welds obtained were of good qua l i ty .  Figure 35 shows 

a tens ion  t e s t .  This low 
?longation over t h e  1-inch 
gage length was accounted 
f o r  by the  observation t h a t  
most of t h e  deformation was 
taken up i n  the  1/8-inch- 
long weld zone. The weld 
s t r eng th  w a s  determined t o  
be about 80 percent of nor- 
mal room-temperature mate- 
r i a l  s t rength .  

L-03-3178 
Figure 35.- Electron-beam butt-welded 0.025-inch thor ia ted-  

n i c k e l  sheet  mater ia l  bent a f t e r  welding t o  show weld 
d u c t i l i t y .  x 150. 

Tungsten-inert -gas 
welding.- Tungsten-inert- 
g a s ( T I G )  b u t t  welds were 
made on th'in sheet  material. 
Welding methods were t r i e d  
both with pure n i cke l  f i l l e r  
rod and without f i l l e r  rod. 
The welding parameters 
determined are given i n  
t a b l e  5. Microstructures 
of butt-welded specimens 
using f i l l e r  rod are shown 
i n  figure 36. Figure 36(a) 
shows t h e  weld zone a t  low 
magnification. From t h i s  
figure it  i s  qu i t e  evident 
t h a t  t h e  t h o r i a  has d i f fused  
i n t o  n i cke l  f i l l e r .  Fig- 
ure 36(b)  shows t h a t  t h e  
t h o r i a  p a r t i c l e s  agglomer- 
a t e d  a t  t h e  gra in  boundaries. 
Photomicrographs of TIG 
butt-welded specimens with- 
out f i l l e r  rod are shown i n  
f igure 37. From t h e  f igu re  
it may be noted t h a t  t h o r i a  
agglomeration has again 
occurred. The s t r eng th  of 
t h e  welds using f i l l e r  rod 
w a s  found t o  be 80 percent  
of room-temperature mate- 
r i a l  s t r eng th  while t he  
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Nickel filler 

Thoriat ed 
Nickel 

(b) X 800. L-63-3179 

Figure 36.- Photomicrograph of tungsten-inert-gas butt-welded thoriated-nickel 
sheet using pure-nickel filler rod. 



(b) X 500. L- 63 - 3180 
Figure 37.- Photomicrographs of a tungsten-inert-gas butt-welded thoriated- 

nickel sheet using no filler material. 



s t rength  of t h e  welds using no f i l l e r  w a s  found t o  only be about 50 percent  of 
t he  room-temperature material s t rength .  
poros i ty  which i s  shown i n  f igu re  37. The elongation f o r  TIG welded specimens 
without f i l l e r  rod w a s  found t o  be about t h e  same a s  t h a t  f o r  electron-beam 
welded specimens. 

This loss i n  s t rength  was due t o  a w e l d  

Resistance welding.- Thoriated-nickel sheets  were joined by res i s tance-  
welding techniques. The parameters were determined and a r e  given i n  t a b l e  6. 
After  jo in ing  t h e  sheets ,  a weld plug w a s  pu l led  from one sheet and ind ica ted  
t h a t  a very good weld had been made. 
shown i n  f igu re  38. 
it i s  not  as severe as noted during TIG welding. 

The joined sheets  were sectioned and a r e  
The f igu re  shows a small amount of t h o r i a  agglomeration, but 

' .  

L-63- 3181 
Figure 38.- Photomicrograph of a r e s i s t ance  weld i n  thoriated-nickel  sheet .  x 50. 

Examination of t h e  sect ioned electron-beam and TIG welds gave an ind ica t ion  
t h a t  t he re  w a s  l i t t l e  s ign  of a hea t -e f fec ted  zone and no sign of grain-s ize  
increase i n  t h e  thor ia ted-n icke l  base material. 
noted i n  electron-beam-welded and TIG welded specimens where t h e  nickel-base mate- 
r i a l  had been melted. Therefore, jo in ing  techniques t h a t  do not  cause appreciable 
melting of t h e  material seem t o  be the  most e f f i c i e n t  jo in ing  methods f o r  t h i s  
material. 
very l i t t l e  w a s  noted i n  t h e  resistance-welded material. 

Some t h o r i a  agglomeration w a s  

No t h o r i a  agglomeration w a s  noted i n  t he  diffusion-bonded sandwich and 



CONCLUSIONS 

The r e s u l t s  of t h i s  inves t iga t ion  ind ica te  t h a t  the  thor ia ted-n icke l  a l l o y  
should be considered f o r  s t r u c t u r a l  appl ica t ions  i n  aerospace vehic les  i n  the  
temperature range from 1,8000 F t o  2,400° F. 
i c a l  p roper t ies  i n  t h i s  temperature range and has lower oxidation r a t e s  than 
uncoated r e f r ac to ry  a l loys .  I n  addi t ion ,  it may be coated by a commercial process 
t o  f u r t h e r  reduce the oxidation r a t e  and may be fabr ica ted  i n t o  complex configura- 
t i o n s  i n  t h i n  gages by using standard equipment and tool ing.  

The mater ia l  possesses good mechan- 

The following r e s u l t s  a r e  based on t h i s  inves t iga t ion :  

1. The room-temperature t e n s i l e  t e s t s  revealed t h a t  t ho r i a t ed  n i cke l  can 
withstand 2,000° F exposures f o r  24 hours with minor lo s ses  i n  s t rength .  
r i zed  tho r i a t ed  n i cke l  can be exposed a t  temperatures t o  2,2000 F f o r  times t o  
200 hours with s m a l l  decreases i n  s t rength.  

Calo- 

2. The elevated-temperature t e n s i l e  t e s t s  on as-received mater ia l  made a t  
1,700° F gave a t e n s i l e  s t rength  of 21.4 k s i .  
mater ia l  r e t a i n s  usable s t rength  up t o  2,500° F. 
t e s t e d  specimens revealed t h a t  t h e  t h o r i a  remained uniformly dispersed a t  2,500° F. 

Further  t e s t i n g  revealed t h a t  t h e  
A metallographic examination of 

3. The elongation decreased from 19 percent a t  room temperature t o  3 percent 
a t  2,570° F. 
temperatures a l l  showed room-temperature elongations of 8 percent o r  grea te r .  

Both coated and uncoated specimens t h a t  were exposed a t  e levated 

4. The oxidation r a t e s  of t h o r i a t e d  n icke l  were found t o  be higher than those 
of severa l  o ther  nickel-base a l loys  a t  2,000° F, but  t he  damage done t o  the  mate- 
r i a l  by oxidation w a s  not as detr imental  i n  tho r i a t ed  n icke l .  A meta l lurg ica l  
examination showed a uniform surface a t t a c k  on t h e  t h o r i a t e d  n i cke l  with no 
adverse e f f e c t s  on the  gra in  boundaries, whereas the  oxide a t t a c k  on severa l  
precipitation-hardened nickel-base a l loys  such as R e d  41 w a s  damaging t o  the  
gra in  boundaries which may reduce t h e  usefulness of t he  mater ia l  a t  these  
temperatures. 

5 .  An aluminum di f fus ion  coat ing appl ied -to t h e  ma te r i a l  by t h e  pack cementa- 
t i o n  method reduced oxidat ion a t  a l l  temperatures from 1,8000 F t o  2,400° F. 
f a c t  t h e  oxidation r a t e s  a t  temperatures t o  2,2000 F were reduced t o  a negl ig ib le  
amount. 

I n  

The coat ing w a s  found not t o  be r e l i a b l e  a t  2 , b 0 °  F. 

6. Fabricat ion s tud ie s  of t he  mater ia l  ind ica ted  t h a t  machining, forming, and 
jo in ing  could be accomplished with standard procedures. Jo in ing  s tud ie s  revealed 
t h a t  res i s tance  welding and d i f fus ion  bonding caused the  smallest  amount of t h o r i a  
agglomeration. Tungsten-inert-gas and electron-beam welding ind ica ted  the  t h o r i a  
d id  agglomerate t o  a detr imental  ex ten t .  
inves t iga ted  appeared t o  be d i f fus ion  bonding and res i s tance  welding. 

The most s a t i s f a c t o r y  jo in ing  methods 

Langley Research Center, 
National Aerona-Jtics and Space Administration , 

Langley S ta t ion ,  Hampton, V a . ,  May 23, 1963. 
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T A B U  1.- TENSILE-TEST DATA FOR SHEET AT ROOM TEMPERATURE 

Mater ia l  condition 

1s received 

I s  received 

Is  received 

Ls received 

LS received 

IS received 

)xidized a t  2,000° F(") 

)xidized a t  2,000° F(") 

)xidized a t  2,400° F(") 

!a lor ized and unexposed 

:a lor ized  and exposed 
a t  2,2000 ~ ( b )  

!a lor ized and exposed 

a t  2, 400° F( 

Sheet 
ihickness , 

i n .  

0.050 

.050 

.050 

.050 

.025 

.025 

.050 

.050 

.050 

.050 

.050 

.050 

; ra in  d i r ec t ion  

Longi tudina 1 

Longitudinal 

Transverse 

Transverse 

Transverse 

Transverse 

Longitudinal 

Transverse 

Longitudinal 

Transverse 

Longitudinal 

Longitudinal 

Yield 
strength , 

p s i  

62,500 

62 , 300 
55 7 000 

58 , 100 
52,200 

53 7 100 

56 , 800 
52,500 

51 900 

52 , 300 

45,000 

33,200 

( a )  Oxidized 24 hours. 
( b )  Exposed 192 hours. 
( c )  Exposed 88 hours, p a r t i a l  f a i l u r e  of coating. 

J l t i m a t  e 
strength,  

p s i  

85 J 400 

84,200 

78 7 400 

80,100 

79 , 950 
80 100 

76,200 

77 ? 500 

71,300 

75 7 400 

76 , loo 

50 7 700 

Elongation 
in  1 inch, 
percent 

19 

20 

23 

14 

19 

23 

18 

17 

12 

-- 

14 

8 
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TABLE 2.- TENSILE-TEST DATA FOR SHEET AT ELEVATED TEMPERATURES ON 

Temperature, 
OF 

1 , 700 
1,800 

2 , 000 
2,050 

2,100 

2,400 

2 , 480 

2 9 500 

2, 570 

AS-RECEIVED THORIATED-NICKEL ALLOY 

Sheet 
thickness, 

in. 

0.050 

.025 

.050 

.050 

.025 

.050 

.025 

.050 

.050 

Grain 
direct ion 

Transverse 

Longl tudinal 

Longitudinal 

Transverse 

Transverse 

Transverse 

Transverse 

Longitudinal 

Transverse 

Yield 
strength, 

psi 
(4 

17,400 

15 j 500 

14,700 

13,850 

12,500 

5,400 

4,000 

3,850 

2,400 

Ultimate 
strength , 

p s i  
( b )  

21,400 

20,100 

17 , 800 
16,800 

15,000 

7 , 300 
6,000 

5 j 200 

4,100 
- -  

Elongation 
in 1 inch, 
percent 

(a) 
(b) 

The yield point was taken as 0.002-inch offset. 
Specimms were held at temperature 1 minute before testing. 

5.0 

4.0 

5.0 

4.0 

3.5 

3.5 

2.0 

3.0 

3.0 



TABLE 3.- TENSILE-TEST DATA FOR ROOM-TEMPERATURF, BUTT WELD 

Weld type 

Electron beam 

Electron beam 

Electron beam 

Electron beam 

Electron beam 

TIGM 
TIGM 
T I G ( ~ )  

T I G ~ )  

TIG( a ) 

TIGW 
TIGW 
TIGW 
TIGW 

- 
Sheet 

t h i  ckne s s , 
i n .  

0.025 

.025 

.050 

,050 

.050 

.025 

.025 

.025 

.050 

,050 

.050 

.050 

,050 

.050 

( a )  Nickel f i l l e r  rod. 
( b )  No f i l l e r  rod. 

Yield 
s t rength,  

p s i  

47,500 

49,200 

48,800 

50,000 

49 500 

50 ,'700 

52 , 300 

52 , 700 
52,200 

53,800 

46,700 

40,100 

41,700 

43,900 

Tensile 
s t rength  , 

p s i  

55,800 

60 , 700 
58,200 

62,600 

60 ooo 
64,500 

68,200 

68,000 

68,500 

72,000 

58,000 

40,600 

43,800 

43,000 

Elongation 
i n  1 inch, 
percent 

2.0 

4.5 

3.0 

2.5 

2.0 

4.5 

6.5 

6.0 

4.5 

6.5 

7.0 

2.0 

2.0 

2.0 
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TABLF: 4.- PARAMETERS FOR BUTT-WELDING SHEET MATERIAL BY 

ELECTRON-BEAM TECHNIQUES 

Accelerating po ten t i a l ,  k i lovo l t s  

Beam curren t ,  m a  

Welding r a t e ,  i n .  /min 

Beam def lec t ion  

Vacuum, m Hg 

~~~ ~ 

Parameter 

13 4 

3 

30 

0 

10-4 

I 0.05O-inch sheet 0.025-inch sheet  

109 

2 

30 

V 

10-4 

TABm 5.- PARAMETERS FOR BUTT-WELDING 0.05O-INCH SHEET 

MATERIAL BY TUNGSTEN-INERT-GAS METHODS 

Machine type . . . . .  
Backup gas . . . . . .  
Flow r a t e ,  cu f t / h r  . 
Torch type . . . . . .  
Torch s i z e  . . . . . .  
Electrode . . . . . .  
Shielding gas . . . .  
Flow r a t e ,  cu f t / h r  . 
Travel  speed, i n .  /min 
P o l a r i t y  . . . . . . .  
Amperes . . . . . . .  
S t a b i l i t y  s e t t i n g  . . 
Arc v o l t  s e t t i n g  . . .  

. . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . .  . . . . . . . . . . . .  Direct 

. . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . .  

. . National Cylinder Gas . . . . . . . . .  Argon 

. . . . . . . . .  5 

. . . . . . . . .  Hi l i a rc  

. . . . . . . . .  M ~ O A  . 3/32 t ho r i a t ed  tungsten 

. . . . . . . . .  Argon 

. . . . . . . . .  30 

. . . . . . . . .  5 
cur ren t ,  s t r a i g h t  p o l a r i t y  
. . . . . . . . .  120 
. . . . . . . . .  50 
. . . . . . . . .  5 

TABLE: 6 . -  PARAMETERS FOR WELDING O.O?O-INCH SHEET MATERIAL 

BY RFSISTANCE METHODS 

Welding current ,  amp . . . . . . . . . . . . . . . . . . . . . . . . . . .  27,000 
Welding sequence . . . . . . . . . . . .  28 cycles ( 7  impulse, 4 heat ,  2 cooling) 
Pressure,  l b  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1,000 
Wheel . . . . . . . . . . . . . . . . . . . . .  Class I copper, 3-inch diameter 
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